A path-integral formalism for the one-dimensional Hubbard model in the strong-coupling regime, which is equivalent to the t-J model in t/U expansion but without any explicit constraint, is developed.
I. INTRODUCTION
The Hubbard Hamiltonian is one of the simplest models for describing a strongly correlated electron system.
In recent years, it has drawn intense attention because of its possible relation with high-T, superconductivity' in the two-dimensional (2D) case.
In the strong-coupling regime of the Hubbard model, the on-site Coulomb repulsion U is quite large as compared with the electron hopping energy t. Electrons will become strongly correlated to avoid double occupancy which, otherwise, would very unfavorably cost energy U.
A useful way of incorporating this non-double-occupancy condition is to introduce a representation for the electron operator with the charge and spin degrees of freedom being (formally) separated, such as the slave-boson and slave-fermion methods, and the recent path-integral formalisms. ' It turns out that there is always a U(l) phase 5, 6 uncertainty associated with such a separation, which results in a U(1) gauge invariance in the corresponding actions.
This gauge invariance inspires one to construct a gauge theory for the large-U Hubbard method (or equivalently t remodel), as t-he U(1) gauge theory has been well studied in the quantum field theory. A series of works ' properly handled such that the only important fluctuation is from the U(1) phase of the SU(2) spin. An extensive study of the metallic properties in the copper-oxide superconductors has been made based on the gauge theory. ' However, a U (1) where the SU(2) transformation U, . satisfies
Only the quadratic terms of c, c are present in (2.14) which couple with the auxiliary field n; through the S n;
term. Notice that there is a prefactor U in front of S; n; in (2.14). In the strong-coupling limit U ))t, one may expect the suppression of the fluctuation in S; n; such that S; is always fully polarized along the n, direction. Thus Eq. (2. 12) may be automatically satisfied in the t/U expansion. In other words, Lagrangian (2.14} itself can enforce the constraint (2.12) after projecting out the highenergy sector (~U) . This is indeed the case as will be shown below.
First of all, we define a new spin-quantization axis at site i along the n; direction. The rotation from the z axis to n, direction is given by =Cexp - In terms of (3.12a) and (3.12b), the spin-spin correla- GA., (jl;t)= l(Td,-.A(t)dJt. A(0)), of the factor (1 -h;th;). Thus the spin directions at hole sites could be arbitrary without any phase cost, which is equivalent to saying that the true spin is absent at these hole sites. Now let us assume that a hole is hopping from site i to site i + 1. As the "spin" direction at hole site i is not well deSned, it could be arbitrary as noted above. In order to gain the greatest kinetic energy, the optimization path for U, . is to be arranged such that~( U; U;+ & )~=1, which gives rise to the largest hopping matrix element (=t) from i to i+1 sites. Without a quantum phase, n; or U; at hole site could be regarded as a classic quantity, whose optimized path should be also the exact solution from the principle of the classic action. One may choose As Fig. 3(b) Then one could check by (4.5} that the "squeezed" spin configuration which corresponds to Figs. 3(a) and 3(b) is the same as shown in Fig. 5 . This implies I U;I is independent of the holes' motion. In the following, we shall show that this conclusion is generally correct.
Suppose that a hole is hopping from site j to j+1. Be (4.25} which acts on the ground state. It shows that a bare electron (hole} could be regarded as a composite particle of holon and spinon, together with a nonlocal string field which is caused by the domain-wall effects carried by the other holes from its left-hand side. We see from (4.25) that each of the other holes contributes a km/2 phase to such a string field. The effects of this string field will be discussed in the next section.
So one finds an analytical description of the charge and spin separation in the 1D strong-coupling Hubbard model. The physics in the strong-coupling regime J &(t is well established, based on the charge-spin separation at U= ao, which suggests the existence of a U= 00 (J = +0} fixed point of the Hubbard model. We note that the meaning of the decoupling of the charge and spin is different in the two limits: weak coupling and strong coupling. In the weak-coupling regime, the electron is usually written as the sum of the right-moving part and left-moving part.
For each part, one may define its charge and spin components. The renormalization group analysis' in the weak-coupling regime shows the decoupling of these charge and spin components. However, on the whole, one still sees that the left-moving (rightmoving) charge excitation is always accompanied by the V. CORRELATION FUNCTIONS Based on the previous formulation of large-U Hubbard model, various correlation functions will be derived in this section. On the other hand, in the strongcoupling case, the charge and spin degrees of freedom are completely separated according to (4.25}. The electron (hole) will then decay into two excitations, i.e. , holon and spinon, which carry different quantum numbers and move independently.
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( 5 2) In obtaining (5.2), the equality Tr( U cr U) = Tr(&) =0 has been used. By employing the expression (4.5) for U; and the charge-spin separation condition, the right-hand side of (5.2) can be rewritten as
Notice that the first average just represents the spin-spin correlation on the effective (squeezed) Heisenberg chain with an enlarged lattice constant a =a /(1 -li). We shall denote it by (S,(t) S. (0)),. In the second average, one may write h, hi =1 -5+.h; h, ' in which the fluctuation part: h; h;: could be shown to contribute to a higherorder term in the asymptotic behavior of (S;(t).St (0)).
Neglecting such a higher-order correction, the spin-spin correlation is simplified to (( )g((,
l&J' (
2t2)1/4 (5.4) with x =x, -x . Therefore, in terms of (5.3), (5.4), and (3.34), the spin-spin correlation function is finally found to be (S;(t).SJ(0) ) =(1 -6)'(S;(t). S, (0) ),
The spin-spin correlation (S,(t) S (0) 
The second term on the right-hand side of (A2) involves the interband transition, which give the order of t /U In the. '& (zhn, ) 8, ] where z 0 n; -= (z X n; )/~z X n;~a nd 8; is the polar angle of n;. In terms of (B1), a direct calculation gives (UtB, U;) =i , 'o -A(n;) B~; in which A(n; ) is found to be 1 -cosO;
A(n, )= .
(zhn;) . 
where p = J/2a and c = 2Ja.
By the assumption followed in Eq. (B4), to the order of quadratic L, , the second term in the Lagrangian (3.1) is reduced to --g~( U, U;+, )~= --g(n;. n;+i+1) For the linear dispersion, one finds Ptt(x, t)=JR(x u, t, O), -P~(x, t ) = QL (x+u, t, O), (D10) h;= g e f'P(x 
In the continuum limit x la » 1, this expression is reduced to the formula (5.11).
